I. INTRODUCTION

L
OW NOISE amplification is an important aspect of transistors at RF and microwave frequencies for applications in the rapidly growing wireless communication market. Models of transistor noise figure were often developed using a smallsignal equivalent circuit together with a model for physical noise sources including the shot noise and thermal noise [1] - [4] . Consequently, the expressions obtained for the circuit level noise parameters including the minimum noise figure, the optimum generator admittance, and the noise resistance depend on the specific equivalent circuit employed and the physical noise source model used. Parameter extraction of the equivalent circuit by best-fitting the measured -parameters often leads to inaccurate noise parameter extraction even from using the same equivalent circuit [5] . The purpose of this work is to develop a unified approach to noise parameter modeling which directly links the circuit level noise parameters to the transistor -parameters and the fundamental thermal and shot noise sources. The proposed approach can be easily reduced to recent popular models such as the SPICE noise model [6] , and the thermodynamic noise model [7] , [8] , two of the latest -parameter based noise models. Com- parisons of circuit level noise parameters from different physical models of noise sources in the transistor [1] - [3] , [6] , [7] are then made against measurements of UHV/CVD SiGe HBTs [9] , [10] . Unphysical results were obtained when several existing models for the collector and base shot noise correlation were used. A new collector shot noise model is proposed to better model the measured noise parameters.
II. DEVICE TECHNOLOGY AND MEASUREMENT SETUP
The SiGe HBTs used in this work were fabricated using a self-aligned, epitaxial-base technology [9] , [10] . Fig. 1 shows a schematic cross section of the device. The SiGe base is formed in an ultrahigh-vacuum/chemical vapor deposition (UHV/CVD) low temperature epitaxy (LTE) system. Polysilicon deposited over the field oxide during the LTE growth serves as the extrinsic base contact. Polysilicon-filled, closed-bottom, deep trenches isolate adjacent sub-collectors, and the field oxide is fabricated using a planar shallow trench process. The intrinsic collector was formed by a double implantation to realize high performance. Representative vertical doping and Ge profiles of the standard SiGe HBT are shown in Fig. 2 . DC characteristics were measured on-wafer using an HP4155, and ac characteristics were measured on-wafer using an HP8510C network analyzer. The noise parameters of a 0.5 20 m standard device were measured from 2-18 GHz using an NP-5 on-wafer measurement system from ATN Microwave, Inc.
III. THE UNIFIED NOISE MODELING APPROACH
Circuit theory shows that any noisy linear network can be replaced by its noiseless counterpart, an input-referred current noise generator , an input-referred voltage noise generator , and their cross-correlation [11] , as shown in Fig. 3 . It is worth noting that the polarity arrangement of the voltage noise source and the current noise source is important because they are in general correlated to each other. Independent of the physical sources of noise inside the device, the four circuit level noise parameters, including the minimum noise factor , the real and imaginary parts of the optimum generator admittance , and the noise resistance , can be expressed as a function of , , and [11] - [13] (1)
where The noise factor for any arbitrary generator admittance is given by [11] (8)
Equation (8) forms the basis of noise factor measurement and is widely used in circuit design. The reflection coefficient , instead of the admittance is often used in noise measurements (9) where is the characteristic impedance and is equal to 50 here.
At RF and microwave frequencies, the dominant noise sources are the base resistance-induced thermal noise, and the terminal current shot noises. Fig. 4 shows a representation of these noise sources for the common emitter configuration used in this work. Note that the base current shot noise is directly tied between the emitter and the base, as opposed to between the emitter and an internal base node connected to the base through the base resistance [1] - [6] . Strictly speaking, the distributive nature of base current flow requires a distributive description of the associated shot noise, or a split of the total base current shot noise between the internal base node and the external base node. In real devices, however, such a separation makes little difference at frequencies below the cut-off frequency, because the base resistance is far smaller than both the transistor input impedance and the optimum source impedance for minimum noise figure. Connecting the base shot noise directly between the external base and the emitter considerably simplifies analytical noise analysis, and allows direct modeling of noise from measured -parameters, as detailed below. The assumption used in [6] to simplify the noise figure equation is indeed equivalent to connecting directly between the external base and the emitter.
The base and collector shot noises and are in general correlated to each other. The polarity of the base thermal noise is not important here because it is independent of the shot noises. The relative polarity arrangement of and are important when they are correlated. We choose here the common-emitter configuration, which gives better stability over a wide range of operating conditions. Next, we transform the transistor noise representation in Fig. 4 into the chain noisy two-port representation in Fig. 3 by circuit analysis (10) (11) (12) where by definition. Given a model for the base and collector shot noise, all of the noise parameters can be readily obtained by substituting (10)- (12) into (1)- (7). For instance, the SPICE noise model, originally derived in [6] , is readily obtained by setting the base and collector shot noise to and , respectively, and setting their cross-correlation to zero. The thermodynamic noise model [7] , [8] , which describes the thermal noise through an input current noise source , can also be obtained by proper setting of the base and collector noise currents. A comparison of the two popular noise models in terms of the fundamental noise sources is given in Table I [14] . The results of noise parameters obtained using the unified approach are verified to be identical to those originally derived in [6] and [7] .
Several other noise models such as the Nielson's [1] and Hawkins's [2] models were derived using the common-base configuration. In these models, the noise sources associated with the collector and emitter currents were used. Common-base noise sources can be easily converted to common-emitter noise sources by equivalent circuit analysis (13) (14) where refers to taking the real part of the argument. In Nielson's model, both the emitter and collector currents contain shot noise, and the emitter shot noise transports to the collector in the same way as the signal, leading to a cross-correlation through the small signal gain (15) (16) (17) The part of the collector-base junction shot noise that is not correlated to the emitter-base junction shot noise is often referred to as the collector partition noise [1] . The expressions for the common-emitter version of shot noise representation can be obtained by substituting (15)- (17) into (13) and (14) . Compared to the shot noise model in SPICE, the base shot noise is no longer , and the cross-correlation between and is no longer zero in general. Equations (15)- (17) can be formally reduced to the SPICE shot noise model by replacing the common-base small-signal current gain with the common-base DC current gain, which leads to , , and . Hawkins's model accounted for the emitter-base depletion capacitance and replaced the small signal current gain in (17) with the small signal base transport factor [2] . The equivalent circuit Hawkins's used, however, is a simplified one, and does not account for the emitter-base junction diffusion capacitance for the input circuit. Another model for the correlation of the emitter and collector shot noises is van der Zeil's model [3] , which takes into account the high frequency conductance change. Again, the noise was expected to behave in the same way as the signal in his theory for the cross-correlation between emitter and collector shot noises.
Next we measured the -parameters of UHV/CVD SiGe HBTs and extracted the base resistance using the impedance circle method [15] . Different noise source models were then substituted into the general modeling equations relating the fundamental noise sources to the four noise parameters. For the three shot noise models with correlation between the base and collector shot noise, namely the Nielson's [1], Hawkins's [2] , and van der Zeil's model [3] , negative numbers (unphysical) were obtained for the square root functions in (1) and (2), the general purpose noise parameter equation for noisy two-ports. In contrast, such negative numbers were never observed for the SPICE noise model and the thermodynamic noise model. Because both and are pre-determined as shot noise, the unphysical results can only be corrected through the modification of the cross-correlation . A step-by-step examination of the numerical procedure indeed shows that the cross-correlation term is responsible for the negative numbers observed, suggesting that previous approaches to the cross-correlation are in error. As mentioned earlier, setting reduces the Nielson's model to the SPICE noise model. We propose in the following a new physical mechanism for the collector shot noise which leads to a new model for the cross-correlation term . The new model avoids the negative number problem, and allows a better fitting of the measured noise parameters than the SPICE noise model and the thermodynamic noise model.
IV. A NEW COLLECTOR SHOT NOISE MODEL
The essence of the conventional shot noise theory in junction transistors is that any dc current passing through a pn junction shows full shot noise. The collector current noise is therefore always independent of what comes into the collector-base junction. The emitter current shot noise transports to the collector-base junction in the same way as the signal, and the same carriers that arrive at the collector-base junction contribute to the shot noise, leading to the cross-correlation in (17). We question here the validity of the above physical mechanism for the collector shot noise. The concept of shot noise originated from the random noise in a vacuum thermonic diode. In analogy, the transition of carriers across a pn junction through diffusion is also a random event depending on the carriers having sufficient energy to overcome the potential barrier. Each event causes a random current pulse to occur at the external terminal. The transition of carriers across the collector-base junction, which is usually reverse-biased for low noise amplification, however, is a drift process, and therefore a dc current passing through such a junction alone does not have intrinsic shot noise. The collector current shows shot noise only because the electron current being injected into the collector-base junction from the emitter already has shot noise, as shown in Fig. 5 . The emitter current shot noise consists of two parts, , due to the electron injection into the base, and , due to the hole injection into the emitter. These processes are independent of each other because the electron and hole injections are independent. The collector current shot noise is therefore physically a delayed version of the emitter electron injection induced shot noise, , where is the transit time associated with the transport of emitter-injected electron shot noise current, and includes both the transit time in the base and the transit time in the collector-base junction. In contrast to previous theory, the collector shot noise is fully attributed to the transport from the emitter with a frequency dependent phase delay characterized by a time constant, as opposed to the inherent shot noise associated with the collector-base junction. We are opposed to the concept that the high frequency noise transports in the same way as the signal, which underlies in (17), because of the following.
1) The high frequency signal current involves the charging of depletion and diffusion capacitances through the movement of both electrons and holes, and the signal current diminishes when reaching the collector at very high frequencies.
2) The electron shot noise current due to the random nature of crossing the emitter-base junction barrier does not involve the above capacitance charging processes. 3) The shot noise level which is often measured at the collector has to come from the shot noise intrinsic to the electrons injected to the collector-base junction, since a dc drift current passing through a reverse-biased junction does not show shot noise.
4) The shot noise measured at the collector, therefore, must have come from the emitter without any magnitude degradation. Consequently, we propose the common-base version of the new shot noise model
The collector shot noise is solely determined and thus fully correlated to the electron current noise coming from the emitter with a frequency dependent phase delay. A large built-in electric field due to Ge grading in the base helps reducing the base transit time, and hence , which may enhance the correlation between the emitter and collector shot noise. Equations (18)- (20) can be converted to the common-emitter version using (13)- (14) (21) (22) (23) Setting the noise transit time parameter to zero reduces the new shot noise model to the shot noise model used in the SPICE noise model [6] .
V. EXPERIMENTS AND MODEL VERIFICATION
For verification, the new shot noise model is applied to reproduce the measured noise parameters of a typical UHV/CVD SiGe HBT with an emitter size of 0.5 (emitter width) 20 (emitter length) 2 (number of emitter fingers) m . As can be seen from (20), the noise transit time parameter characterizes the frequency dependence of the cross-correlation, and is therefore expected to produce certain frequency dependence of noise figure that is different from the conventional SPICE noise model. We can therefore extract the noise transit time by fitting the measured frequency dependence of noise figure. A good fitting of the frequency dependence of noise figure, indeed, can be achieved using a cross-correlation with the functional form of (20), as described later. For a complete discussion, we examine both the frequency and current dependence of all of the three noise parameters including the minimum noise factor [through the minimum noise figure  ] , the optimum admittance (through ), and the noise resistance . Figure  ) First, the -parameters were measured and converted to -parameters, which were subsequently used in (10)- (12). The base resistance was determined from the left intercept of the semi-circle on the complex plane of the input impedance [13] . Fig. 6 shows the measured and modeled minimum noise figure  ( ) versus frequency at 2.584 mA. As mentioned earlier, the Nielson's, Hawkins's, and Van der Zeil's models with a frequency dependent produced negative numbers for the square root functions in the general purpose noise parameter equations, and thus cannot be shown here. The other two popular models, namely the SPICE noise model, and the thermodynamic noise model, were found to overestimate the noise figure at higher frequencies, as can be seen from Fig. 6 . The new shot noise model, characterized by a frequency dependent cross-correlation with the functional form of (20), produces a better agreement to the measured data. A value of 1.5 ps was extracted for the noise transit time by best-fitting the minimum noise figure versus frequency curve, which is in the same order of magnitude as the transit time extracted from the 1/ versus 1/ curve (3.1 ps). A good initial guess for the noise transit time is zero, which corresponds to the SPICE noise model.
A. Minimum Noise Factor (Through Minimum Noise
extracted from the 1/ versus 1/ curve can be used as a reference for the extraction of the noise transit time. A systematic experimental investigation on more hardware is needed in future work to explore the relation between the noise transit time and other transistor parameters such as the base and collector transit times. The new shot noise model works well at higher currents. Fig. 7 shows the current dependence of at 10 GHz.
B. Optimum Generator Admittance ( )
The other important noise parameter is the optimum generator admittance , which is often characterized by the reflection coefficient at minimum noise figure ( ) in mea- surement. Figs. 8 and 9 show the magnitude and angle of [defined in (9) ] versus frequency at 2.584 mA, and Figs. 10 and 11 show the magnitude and angle of versus current at 10 GHz. From a measurement standpoint, the accuracy of the minimum noise figure is the highest among all of the three measured noise parameters. Therefore, we extracted the noise transit time model parameter by best fitting the minimum noise figure, rather than .
C. Noise Resistance
The associated gain of a device at minimum noise figure may not be sufficient for applications such as a low noise amplifier. In this situation, a compromise between input matching for minimum noise figure and power gain can be made. The noise resistance, , determines the sensitivity of the total noise figure to deviations from optimum noise admittance matching , as can be seen from (8) . Figs. 12 and 13 show the frequency and current dependence of . According to the linear two-port noise theory, is determined by the input-referred noise voltage [see (4) ]. is determined by the collector shot noise and the base thermal noise, which are the same for the proposed model and the SPICE noise model, despite the very different physical mechanisms for the collector shot noise. Consequently the new shot noise model and the SPICE noise model produce the same . The thermodynamic noise model describes the thermal noise through an input current noise, instead of a base resistance, thus producing a smaller and a smaller . The description of thermal noise through base resistance, however, produces a close agreement with the measured in the SiGe HBTs under study.
VI. CONCLUSIONS
We have presented a unified noise modeling approach which links the fundamental noise current sources to the circuit level noise parameters including the minimum noise figure, the optimum admittance, and the noise resistance. The new approach makes easier the comparison of the impacts of different physical noise source models on circuit level noise parameters that can be measured experimentally. Experiments on UHV/CVD SiGe HBTs produces unphysical results for several existing noise source models, and the cross-correlation between the emitter and collector was identified to be the problem. A new model for the collector shot-noise, which attributes the collector shot noise fully to the transport from the emitter, is proposed and verified to produce better agreement to measurement than popular models such as the SPICE noise model and the thermodynamic noise model.
